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A  glow  discharge  source  has  been  adapted  for  use  with  a  commercial  external  ion 
source  Fourier  transform  ion  cyclotron  resonance  mass  spectrometer.  This  combination 
shows  promising  analytical  usefulness.  Results  on  National  Institute  of  Standards  and 
Technology  stainless  steel  standards  showed  that  peaks  due  to  nominally  isobaiic  atomic 
isotopes  can  be  observed  with  high  mass  resolution  (m/Ami^  ^  290,000).  Detection  limits 
in  the  high  parts  per  billion  to  low  parts  per  million  range  were  achieved  for  analysis  of 
trace  metals  in  the  standards,  and  concentrations  of  the  trace  elements  were  determined 
with  good  accuracy  (better  than  15%). 
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INTRODUCTION 


Glow  discharge  mass  spectrometry  (GDMS)  provides  a  useful  method  for  the 
elemental  analysis  of  a  variety  of  conductive  and  non-conductive  materials/*  Previous 
analytical  applications  of  glow  discharges  have  made  use  of  conventional  quadrupole  or 
magnetic  sector  mass  analyzers, each  of  which  has  a  number  of  advantages  and 
limitations  which  must  be  considered  when  developing  a  practical  analytical  protocol  for 
elemental  analysis.  Both  the  quadrupole  and  magnetic  sector  instruments  offer  high 
sensitivity  and  a  large  dynamic  range;  unfortunately,  the  quadrupole  mass  filter  is 
inherently  a  low  mass  resolution  device,  and  magnetic  sector  instruments,  while  capable 
of  moderate  mass  resolution,  lose  sensitivity  as  mass  resolving  power  is  increased. 
Neither  quadrupoles  nor  magnetic  sector  instruments  are  capable  of  routinely  resolving 
closely  spaced  overlapping  isotopic  species,  or  other  interfering  mass  peaks  due  to 
oxides,  argides,  etc.,  with  mass  resolution  requirements  in  excess  of  40,00u. 

Barshick  and  Eyier®  have  recently  demonstrated  that  a  high  pressure  (133.3  Pa) 
glow  discharge  can  be  coupled  with  a  Fourier  transform  ion  cyclotron  resonance  (FTICR) 
mass  spectrometer.  The  key  benefit  of  using  FTICR  for  mass  analysis  in  GDMS  is  the 
extremely  high  mass  resolution  that  can  be  achieved.®  However,  the  FTICR  mass 
spectrometer  requires  extremely  low  pressure  in  the  analyzer  region  (<10"®  Pa)  to  obtain 
ultra-high  mass  resolution.  For  most  FTICR  instruments  the  133  Pa  background  of  argon 
present  in  the  GD  source  can  severely  limit  the  base  pressure  in  the  FTICR  analyzer 
region  and  degrade  the  mass  resolution.  A  resolution  of  only  40,000  was  obtained  in  the 
previous  work®  because  pressure  in  the  analyzer  cell  region  could  not  be  reduced  below 
1  X  10'®  Pa. 

The  method  most  commonly  used  in  FTICR  mass  spectrometry  to  eliminate  the 
gas  load  associated  with  GD  or  other  high  pressure  sources  is  to  separate  physically  the 
ionization  and  detection  regions  with  one  or  more  stages  of  differential  pumping.^'*^ 
Although  the  previous  work®  used  this  approach  to  a  limitfcd  extent,  commercial 
instrumentation  is  available  with  two-stages  (or  more)  of  differential  pumping.  The 
instrument  used  in  this  report  utilized  3  kV  electrostatic  ion  focussing  to  transfer  ions  from 
the  source  (external  to  the  magnet)  through  two  conductance  orifices  and  into  the  ICR 
analyzer  cell  while  maintaining  a  pressure  differential  of  >  10®.  In  addition  to  alleviating 
the  high  analyzer  pressure  problems,  an  external  ion  source  provides  for  quite  facile 
sample  replacement  and  GD  source  cleaning. 

Another  important  feature  of  FTICR  mass  analysis  is  that,  unlike  magnetic  sector- 
based  instruments,  sensitivity  increases  with  mass  resolution.*®  This  is  because 
resolution  increases  as  the  coherent  ion  signal  is  observed  for  longer  and  longer  time 
periods.  In  the  absence  of  coliisional  dephasing  and  subsequent  loss  of  the  time  domain 
signal,  as  peak  widths  narrow  peak  heights  are  increased,  so  sensitivity  is  enhanced  with 
increasing  mass  resolution.  Such  enhancement  provides  a  considerable  advantage  for 
the  glow  discharge/FTICR  combination;  high  mass  resolution  spectra  can  be  obtained 
without  sacrificing  sensitivity. 

The  results  reported  in  this  paper  demonstrate  the  benefits  of  coupling  a  glow 
discharge  source  to  a  FTICR  mass  spectrometer  optimized  for  external  ion  injection. 
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Initial  results  have  far  exceeded  mass  resolution  specifications  on  any  previous  glow 
discharge  instrument.  Detection  limits  determined  for  a  series  of  elements  in  National 
Institute  of  Standards  and  Technology  (NIST)  steel  samples,  ultra-high  mass  resolution, 
and  concentration  determinations  of  trace  elements  in  the  standard  samples  are  all 
reported  and  discussed. 


EXPERIMENTAL 

An  illustration  of  the  glow  discharge/external  ion  source  FTICR  instrument  is  shown 
in  Figure  1 .  The  glow  discharge  source  was  mounted  in  the  normal  source  housing  of 
a  Bruker  APEX  47e  external  ion  source  FTICR  mass  spectrometer.  The  instrument  was 
pumped  by  turbomolecular  pumps  with  separate  pumps  for  the  source  region  (330  I/s), 
ion  optics  and  transfer  region  (50  I/s),  and  analyzer  region  (330  I/s).  No  additional 
pumping  or  modification  of  the  instrument,  other  than  removal  of  the  standard  electron 
ionization/chemical  ionization  source,  was  required  to  configure  the  instrument  with  the 
glow  discharge  source. 

The  glow  discharge  source  was  mounted  on  a  standard  source  flange  that  mates 
with  the  external  ion  source  housing.  Although  the  source  design  has  been  previously 
described,®  in  short,  the  glow  discharge  was  formed  within  an  enclosed  high  pressure 
compartment,  much  like  a  chemical  ionization  (Cl)  source  housing,  maintained  at  a  133.3 
Pa  pressure  of  argon.  Ions  extracted  from  a  1  mm  ion  exit  orifice,  located  6  mm  from  the 
standard  external  source  lens  stack,  were  accelerated  toward  the  analyzer  cell  by  a  -3 
kilovolt  potential.  The  source  pressure  outside  the  glow  discharge  body  was  maintained 
at  1.1  X  10’^  Pa  and  an  analyzer  pressure  of  9.3  x  10'^  Pa  (uncorrected  ionization  gauge 
reading)  was  achieved. 

Samples  were  mounted  directly  on  a  glow  discharge  direct  insertion  probe  and 
introduced  into  the  source  housing  by  means  of  a  standard  probe  port  (Fig.  1).  The 
samples,  usually  consisting  of  metallic  rods  1  to  3  mm  in  diameter  and  10  to  15  mm  long, 
were  held  at  a  potential  of  -1000  to  -1500  volts  at  a  distance  of  5-10  mm  from  ttie 
(grounded)  ion  exit  orifice  plate  and  sputter/ionized  in  the  argon  atmosphere.  Ions  exiting 
from  the  1mm  orifice  in  the  high  pressure  source  body  were  accelerated  to  3  kV  and 
focused  (using  the  instrument's  standard  ion  optics)  into  the  center  of  a  4.7  T 
superconducting  magnet.  A  set  of  ion  deflection  plates  (used  for  x-  and  y-deflection) 
were  pulsed  to  allow  ions  to  enter  the  cell.  Before  entering  the  analyzer  cell  the  ions 
were  de-accelerated. 

An  ion  injection/accumulation^®  time  of  20-100  ms  was  followed  by  resonant  ion 
excitation  using  either  a  series  of  RF  pulses  for  broadband  detection  or  a  narrow  single 
frequency  pulse  for  high  resolution  detection.  Broadband  data  were  acquired  by  digitizing 
the  time-domain  spectrum  to  cover  a  mass  range  of  15  to  1500  amu.  High  mass 
resolution  measurements  were  made  by  digitizing  the  time-domain  spectrum  for  500  ms 
over  a  1  amu  window.  For  both  broadband  and  high  resolution  measurements,  256  time- 
domain  transients  were  averaged  prior  to  Fourier  transformation. 

The  glow  discharge/FTICR  mass  spectrometer  achieved  a  pressure  differential  of 
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>10®  between  the  source  and  analyzer  vacuum  regions.  Thus,  at  a  base  pressure  of  9.3 
X  10'^  Pa  in  the  cell,  the  ions  can  be  estimated  to  have  a  mean  time  between 
ion/molecule  interactions  of  4.3  seconds,  assuming  a  rate  constant  of  1  x  10'®  cm®/s.^^ 
Since  the  duration  of  the  digitized  transient  response  necessary  to  obtain  a  good  working 
resolution  (>  290,000  full  width  at  half  maximum,  FWHM)  is  <  5  s.  few  collisions  which 
damp  out  the  FTICR  signal  occur  at  this  analyzer  pressure  and  high  resolution  spectra 
can  be  obtained. 


RESULTS  AND  DISCUSSION 

Qualitative  Analysis.  A  broadband  spectrum  of  the  NIST  standard  1261a  steel, 
shown  in  Figure  2,  demonstrates  the  type  of  information  available  from  a  quick  survey 
analysis.  This  spectrum  was  obtained  by  summing  256  transient  signals  covering  the 
mass  range  from  15  to  1500  amu.  The  y-scale  has  been  expanded  in  the  upper  mass 
region  to  permit  observation  of  the  lower  concentration  components.  No  ion  ejection 
techniques  were  used  to  enhance  the  abundance  of  minor  components.  Here,  even  in 
the  less  sensitive  broadband  mode,  the  isotopic  peaks  of  W,  present  at  the  53  ppm  level, 
are  easily  seen. 

To  demonstrate  the  high  mass  resolution  of  this  technique,  two  spectra  with  m/Am 
=  290,000  (FWHM)  were  obtained  for  the  m/z  50  (Fig.  3)  and  m/z  58  (Fig.  4)  regions  of 
a  NIST  1263a  steel  standard.  These  spectra  demonstrate  the  ease  with  which  the  FTICR 
detection  technique  can  resolve  the  closely  spaced  metal  isotopes  at  m/z  50  (®®Ti,  ®^Cr, 
®®V)  and  m/z  58  (®®Fe  and  ®®Ni).  Even  though  ions  produced  from  these  isotopes  have 
masses  which  differ  by  only  1  to  3  millimass  units,  the  corresponding  peaks  do  not  exhibit 
any  spectral  overlap. 

Figure  3a  shows  an  expanded  portion  of  the  mass  spectrum  around  m/z  50  with 
peaks  due  to  ^^Ti"^  (26  ppm),  ^^Cr"^  (570  ppm),  and  (0.8  ppm).  To  show  clearly  the 
minor  isotopic  peaks  in  this  spectrum,  4000  transients  were  averaged  to  yield  a  better 
signal-to-noise  ratio.  In  order  to  better  show  peaks  from  the  isotopes  with  lower 
abundance,  the  v-axis  has  been  expanded  by  a  factor  of  5  in  Figure  3b.  Although  ®°Ti 
(26  ppm)  and  (0.8  ppm)  are  relatively  small  components  of  the  1263a  standard 
sample,  peaks  due  to  these  ions  are  easily  observed  and  cleanly  separated  from  that  of 
the  much  more  abundant  ®°Cr  (570  ppm)  isotope.  For  extremely  low  level  components 
the  signals  can  be  further  averaged  to  provide  enhanced  signal-to-noise  ratios.  Extensive 
signal  averaging  is  feasible  because  the  glow  discharge  source  provides  stable  signals 
for  several  hours  from  a  single  sample. 

The  region  around  m/z  58  for  the  NIST  1263a  steel  standard  is  shown  in  Figure 
4.  This  high  mass  resolution  mass  spectrum  was  obtained  by  averaging  256  spectra 
covering  a  1  amu  region  centered  at  m/z  57.935.  The  signals  from  the  ®®Fe‘*‘  and  ®®Ni'*’ 
ions  are  shown  with  a  mass  resolution  of  290,000  (FWHM).  Both  of  these  isotopes 
normally  have  a  high  concentration  in  steel  samples  and  could  interfere  with  quantification 
unless  there  is  sufficient  resolution  to  separate  them.  With  >250,000  resolution,  a  modest 
resolution  by  FTICR  standards,  these  common  isotopes  no  longer  interfere  with  one 
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another. 


Quantitative  Analysis.  To  evaluate  the  analytical  merit  of  this  approach  the 
detection  limits  for  9  common  elements  in  a  NIST  1261a  stainless  steel  sample  were 
determined.  Results  are  listed  in  Table  I.  The  ion  signals  for  each  of  the  9  elements 
were  measured  three  times  in  high  resolution  mode  as  described  above.  The  detection 
limits  were  calculated  by  multiplying  the  Inverse  of  the  sensitivity  by  three  times  the  mean 
standard  deviation  of  the  background.^®  Typical  detection  limits  ranged  from  100  ppb  for 
Cu  to  6.3  ppm  for  Cr. 

Although  these  detection  limits  are  a  significant  improvement  over  previously 
reported  GD/FTICR  values  (ca.  70  ppm  for  nickel  in  a  NIST  1261a  stainless  steel 
sample®)  and  are  comparable  to  results  obtained  using  quadrupole  mass  analyzers,  they 
are  still  10®  higher  than  those  obtained  with  magnetic  sector  based  instruments.^® 
Several  studies  are  presently  underway  to  improve  the  dynamic  range  of  the  technique; 
one  such  scheme  is  to  improve  the  transport  efficiency  between  the  source  and  the 
analyzer  cell.  It  may  be  more  important  in  future  experiments  to  concentrate  on  trapping 
only  the  low  abundance  ions  in  the  analyzer  celt  and  discriminating  against  the  discharge 
gas  and  the  matrix  species  by  using  a  variety  of  methods  that  could  include  tailored  ion 
ejections,  pre-mass  filtering,  or  some  other  time  or  energy  discrimination  scheme. 

A  three-point  calibration  curve  for  each  of  the  elements  listed  in  Table  I  was 
generated  from  the  analysis  of  NIST  1261a,  1263a,  and  1264a  steel  standards.  To 
estimate  typical  errors  associated  with  measuring  concentrations  of  individual  elements 
a  fourth  standard,  NIST  1262a,  was  analyzed  as  an  "unknown"  and  the  concentration  of 
each  of  the  nine  elements  was  determined  using  the  calibration  curves  and  compared  to 
its  certified  value  in  the  standard.  Figure  6  shows  calibration  curves  for  the  nine 
elements.  In  most  cases  an  approximately  linear  fit  to  the  calibration  curve  was  obtained. 
The  correlation  coefficients  for  a  linear  fit  to  results  from  the  three  calibratiori  points  and 
the  percent  error  (  I  predicted  concentration  -  certified  concentration  I  /  certified 
concentration)  are  given  in  Table  II  for  all  nine  elements. 

Although  the  results  in  Table  II  show  an  average  error  greater  than  that  previously 
obtained  with  GD/FTICR,®  they  are  encouraging  because  the  present  analysis  is  the  first 
to  provide  both  ultra-high  mass  resolution  and  quantitative  analysis  for  minor  and  trace 
constituents.  Further  improvements  in  the  instrumentation  such  as  the  use  of  the 
"Infinity"^®  analyzer  cell,  optimization  of  the  ion  extraction  optics/GD  source  housing 
geometry,  and  cryo-cooling  of  the  GD  source  should  also  lead  to  improved  accuracy  of 
the  analysis. 


CONCLUSIONS 

Coupling  of  a  glow  discharge  ion  source  with  an  external  ion  source  FTICR  mass 
spectrometer  offers  high  mass  resolution  that  can  separate  closely  spaced  isotopic  peaks, 
provides  stable  mass  calibration,  and  leads  to  detection  limits  in  the  100  ppb  to  low  ppm 
range.  Unlike  conventional  mass  spectrometers,  the  FTICR  technique  has  the  unique 
advantage  that  sensitivity  is  improved  with  increasing  mass  resolution.  In  addition  to 


analytical  applications,  the  ICR  ion  trapping  ability  combined  with  the  glow  discharge 
source  is  capable  of  providing  a  variety  of  metal  ions  for  subsequent  analysis  by 
ion/molecule  reactions  or  other  means. 
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Table  L  Detection  Limits  Determined  for  Selected  Elements  In  NIST  1261a 
Sbiiniess  Steel  Standard 


Element 

Cu 

Ni 

Cr 

V 

Mo 

W 

Co 

Ti 

Mn 

concentra- 

0.1 

2.6 

6.3 

0.4 

0.3 

1.6 

1.8 

3.4 

0.8 

tion/ppm 

Tabte  II.  Concentrations  of  Selected  Elements  In  NIST  1262a  Stainless  Steel 

Standard  Determined  Using  NIST  1261a,  1263a,  and  1264a  Standards 
for  a  Calibration  Curve. 


Element 

Correlation 
coefficient  for 

3  point  calibra¬ 
tion  curve 

Concentration 
predicted  from 
calibration 
curve/ppm 

Certified 
Concentration 
in  1262a/ppm 

Percent 

Error 

Cu 

0.968 

3014 

3208 

6.0 

Ni 

0.987 

3122 

4098 

23 

Cr 

0.968 

2929 

2514 

17 

V 

0.948 

407 

399 

2.2 

Mo 

0.989 

170 

169 

1.0 

W 

0.983 

640 

645 

0.8 

Co 

0.995 

3057 

3000 

1.9 

Ti 

0.906 

926 

619 

49 

Mn 

0.900 

7915 

10500 

25 

FIGURE  CAPTIONS 


Figure  1.  Cross-sectional  view  of  the  external  ion  source  GD/FTICR  instrument 

showing  the  position  of  the  source  in  relation  to  the  analyzer  cell  and  the 
two  stages  of  differential  pumping. 

Figure  2.  Wide  mass  range  survey  spectrum  of  a  NIST  1261a  steel  sample  (with 
portions  of  the  y-axis  expanded)  showing  the  major  components  and 
trace  constituents  of  elements  with  concentrations  in  the  low  ppm  range. 

Figure  3.  a)  Narrow  mass  range  spectrum  of  the  m/z  50  region  of  a  NIST  1263a 
steel  sample,  b)  Same  as  a)  but  with  the  y-axis  expanded  by  a  factor  of 
five. 

Figure  4.  Narrow  mass  range  spectrum  of  the  m/z  58  region  of  a  NIST  1263a  steel 
sample. 

Figure  5.  Calibration  curves  for:  a)  Co,  Cu,  and  V;  b)  Mo,  Ti,  and  W;  and  c)  Cr, 

Mn,  and  Ni  generated  using  NiST  1261a,  1263a,  and  1264a  samples  as 
standards  (open  points).  Results  for  a  NIST  1262a  sample  are  shown  as 
solid  points  in  each  curve. 
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